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ABSTRACT: 
A synthetic sediment comprise
d of kaolinite, distilled 
water and either equidimensio
nal or acicular magnetite is giv
en a 
post-depositional remanent m
agnetization. This sediment
 is 
compacted to 0.14 MPa in a wat
er tank consolidometer and to hi
gher 
pressures (~ 2.53 MPa) in a standa
rd soil consolidometer. 
Compaction takes place 1n th
e same magnetic field in which
 the 
sample 1s given its post-depo
sitional remanent magnetization. 
The 
results in shallowing of 
the sample's magnetic 
compaction 
inclination. This shallow
ing 1s a function of the 
field 
inclination, the degree of c
ompaction and an empirically de
rived 
constant. The expression rel
ating these factors is tan(I) = (1-r 
a~V)tan(I ), where I 1s the initi
al inclination of the sample 
·O 0 
(field inclination), ~Vis the degree
 of compaction of the sample, 
I 1s the remanent inclination of t
he sample after compaction and 
a 
r 
is the empirically derived co
nstant, with a value of 0.4 (+/-0.2, 
one standard deviation). The data 
show a maximum inclination 
shallowing of for an 
initial inclination of 54°, in g
ood 
agreement with the model wh
ich predicts a maximum of 11.5° 
at a 
field inclination of 50°. 
A physical interpretation of t
his mathematical model is a 
vertical electric field cause
d by horizontal alignment o
f the 
charged clay. This electric fi
eld rotates the long axis (easy axis 
of magnetization) of the charged m
agnetite into the horizontal 
plane, shallowing the inc
lination 
1 
of the sample. This 
interpretation 1s sup
ported by the results 
of a calculation which 
equates the magnetic 
torque on a magnetit
e particle with the 
electrostatic torque 
due to the charged c
lay. This calculation 
suggests that the ne
t charge needed on the m
agnetite particles to 
counteract magnetic a
lignment is well within
 the maximum possible. 
Demagnetization data 
reveal that more sam
ples have shallower 
characteristic directi
ons than their NRM'
s (natural remanent 
magnetizations), implying tha
t the smaller, more coe
rcive grains are 
more affected by the
 compaction process. T
hese alternating field 
demagnetization data te
nd to support the elect
rostatic force, which 
preferentially affects 
the smaller grains. 
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INTRODUCTION: 
Background 
A fundamental assumption made by paleomagnetists study
ing 
detrital remanent magnetization (DRM) 1s that sediments an
d 
sedimentary rocks accurately record the earth's mag
netic field by 
the alignment of magnetic particles during the deposit
ional process .. 
Early laboratory studies tested this assumption 
and found an 
inclination error which was attributed to the effe
cts of bedding 
dip, current flow and irregularities in the deposi
tional surface 
(Johnson et al, 1948; Clegg et al, 1954; King, 1955; Griffiths e
t 
al, 1960; Rees, 1961). 
Following the observations that natural deep-sea sedim
ents 
generally exhibit no inclination error (Harrison, 1966; Opdyke an
d 
Henry, 1969), slump beds have uniform magnetizations (Irving, 1957) 
and igneous and sedimentary rocks of the same age b
ear consistent 
magnetic directions (Opdyke, 1961; Irving, 1967), a post-
depositional alignment 
apparently contradictory 
process was invoked 
observations. The 
to explain these 
post-depositional 
realignment process was described as a realignme
nt of magnetic 
grains in the sediment's water-filled pores (Irving and Major, 
1964). 
Subsequent studies have focused on the mechanism
 and 
accuracy of this post-depositional process. Irving an
d Major (1964) 
showed that magnetic realignment was physically 
plausible in a 
synthetic sediment, provided the sediment was wet en
ough. Khramov 
3 
(1968) demonstrated that the 
magnetization of a sediment 
could be 
affected by a post-depositio
nal increase in the magnetic
 field. The 
magnitude of the effect was
 dependent upon the water co
ntent of the 
sediment, as in Irving and
 Major's (1964) experiment. Kent (1
973) 
stirred a deep-sea slurry in
 an applied field and allowe
d it to dry. 
It acquired a magnetizati
on parallel to the applied 
field. In a 
similar experiment, Graham 
(1974) showed that stirred San Fran
cisco 
Bay muds acquired a mag
netization parallel to an a
pplied field. 
Stupavsky and Gravenor (1974) 
studied the magnetization of
 dried 
slurries of glacial till
 with differing initial w
ater contents. 
They reported an inclinat
ion error and an intensity d
ependence on 
the water content. This 
inclination error is not pre
dicted by the 
grain realignment model, 
and no explanation was giv
en as to its 
or1g1n. 
Lovlie's (1974, 1976) studies 
began a series of 
experiments in which the dir
ection of the applied field 
was altered. 
The change in the field 
was recorded by previousl
y deposited 
sediments, in accordance w
ith the realignment model. V
erosub et al 
(1979) performed a similar exper
iment. However, they found 
very 
little realignment along 
the subsequent magnetic fiel
d direction. 
They postulated that the ma
jority of magnetic carriers were imm
obile 
for the whole range of ini
tial water contents, but by 
stirring some 
samples in a null field,
 found that carriers of 10%
-20% of the 
magnetism were mobile at the
 initial water contents. 
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Henshaw and Merrill (1979) postulated a
 drying remanent 
magnetization to explain their o
bservations that drying causes the
 
magnetic moment of their samp
les to rotate toward the plane
 
perpendicular to drying compressio
n and toward the external magnetic
 
field. Similar studies by Tuc
ker (1979), who turned synthetic 
slurries of magnetite and silica 
through various angles, revealed 2
 
magnetic components: a magnet
ically soft fraction which recorded
 
the original direction with a shal
low inclination and a magnetically
 
hard component, of lower intens
ity, which accurately recorded the
 
later field direction. No explana
tion for the inclination error was
 
given, but with that exception
 his results are consistent with 
a 
grain mobility model. Barton et 
al (1979) observed the acquisition 
of ORM in concentrated and dilu
te slurries. The rapidly settling
 
dilute slurries exhibited a 
shallow inclination while the 
concentrated slurries did not, 
consistent with the original 
observations of a depositional inc
lination error. 
Payne and Verosub (1982) determined the m
agnetic direction· 
recorded by a sediment as 
a function of water content. 
Interestingly, 2 modes of behavior
 were found. For sediments with a
 
sand content of <60%, the origina
l magnetic direction was preserved
 
regardless of the water content. 
For sediments with a sand content 
)60%, remagnetization along a new magnetic
 field direction occurred, 
provided the water content was suf
ficiently high, as expected from a
 
grain realignment model. They hy
pothesized that the interstices of
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the sediment composed of smaller grains 
were smaller, and thus there 
was less magnetic mobility. 
More recently however, the use 
of sedimentary 
paleomagnetic data 1n tectonic stud
ies has generated greater 
interest 1n the PDRM (post-depositional rem
anent magnetization) 
process. Even though Verosub (1977) has conclu
ded that most 
sediments from the deep-sea do no
t have inclination errors, 
discrepancies 1n calculated paleolati
tudes from sedimentary data 
and other techniques (e.g. basalt remanence
, seamount poles, 
skewness and relative amplitude of marin
e magnetic anomalies and the 
age of equatorial sediment facies) have been
 noted (Jarrard and 
Cockerham, 1975; Cockerham and Jarrard
, 1976; Clague and Jarrard, 
1973; Gordon and Cape, 1981). These discrepa
ncies, which suggest a 
shallowing of the sediment's magnet
ic inclination, may be due to 
compaction. Compaction may have more o
f an effect in the DSDP cores 
which sample more deeply than pisto
n cores which only penetrate 
several meters. Whereas Hammond et al (1979) and Prin
ce et al (1980) 
observed no inclination error 1n th
eir piston cored sediments, 
Hammond et al (1975), Cockerham (1976) and Morgan 
(1977) inferred 
inclination shallowing in their DSDP 
drilled cores. Morgan (1977) 
postulates that the shallowing may be du
e to compaction. 
Several studies of the effect of c
ompaction on the 
magnetization of sediment have been ma
de (Vlassov et al, 1961; Blow 
and Hamilton, 1978; Hamano, 1980; O
tofuji and Sasajima, 1980). 
However, Otofuji and Sasajima applied compression
 perpendicular to 
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the sediment's magnetization, and therefor
e no inclination 
shallowing was expected, nor was any seen
. Hamano studied the 
acquisition of magnetic remanence as a func
tion of sediment void 
ratio (volume of the sediment voids divided by volume of 
the solid 
grains 1n the sediment). He switched on the magneti
c field at 
various initial void ratios during the compact
ion, then allowed the 
compaction to proceed to a pressure of 0
.15 MPa. As he only 
measured the sample at the conclusion of th
e experiments, it is 
unclear whether shallowing took place. Blow
 and Hamilton's study 
(1978) did reveal an inclination shallowing, but their 
modeling 
utilized evaporative compaction which is clear
ly not the dewatering 
mechanism to which deep-sea sediments are subjected. In fac
t, Noel 
(1980), proposed that drying may induce a shallowing
 effect from 
surface tension forces 1n the sediment pore
 space. This process 
could also explain Henshaw and Merrill's (1979) results. V
lassov et 
al (1961) observed a regular increase in inclination shal
lowing with 
increasing loading pressure. Their study 
suggested a dependence on 
magnetic grain size, but the dependence may 
also have been due to 
the different types of matrix material used wit
h the different sizes 
of magnetite. 
One study which did attempt to model burial 
compaction 
also revealed an inclination shallowing e
ffect (Hall, 1982). 
However, after application of an anhysteretic 
remanent magnetization 
(ARM), the sample was compacted in the earth's field. The
 major· 
problem with this experiment was the earth's f
ield was never in the 
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same direction as the sedime
nt's ARM. In fact, the samp
les' 
magnetization always had a nega
tive inclination (up) in the earth's 
positive inclination (down) field. 
This fact makes it unclear 
whether compaction or a viscou
s magnetization (VRM) was the source 
of the inclination shallowing i
n this experiment. In addition, 
the 
application of an ARM is not analog
ous to any mechanism by which a 
natural sediment acquires its ma
gnetization. 
Two other studies investigated
 the effect of plastic 
deformation on the remanent 
magnetization of a sediment. O
zima 
(1980) modeled a sediment by imbe
dding Co needles in a soft Cu 
matrix. He found that compress
ional plastic deformation of the 
Cu-
Co alloy resulted in a sys
tematic rotation of the rema
nent 
magnetization away from the 
axis of compression with increa
sing 
degree of the deformation. 
This study appears to contradict 
the 
results of an earlier study 
by Kodama and Cox (1978). In their 
experiment, the sediment was 
composed of needle-shaped magne
tite 
grains imbedded 1n a kaolinite
 matrix. After imposing a cons
tant 
volume deformation on the sed
iment, no change 1n the direction
 of 
magnetization was noted. They
 did find that the intensity of 
the 
sediment's magnetization decrea
sed, which Ozima also noted. Ko
dama 
and Cox proposed a discontinuou
s deformation model to explain th
eir 
results, invoking symmetry of s
hear zone rotation to explain wh
y no 
change 1n direction was seen. 
It is interesting, but perhaps n
ot 
significant that Ozima produced a
 magnetic inclination shallowing
 in 
his material. His experiments
 are clearly not directly applic
able 
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to a natural system, 
since a Cu-Co alloy is 
not a good analog of a 
deep-sea sediment. Th
e study performed by K
odama and Cox (1978), 
while a good analog of a
 constant volume deform
ation process in real 
sediments, is also not 
a reasonable model for 
the effects of burial 
compaction. 
Statement of Problem 
In view of the previo
us work, this study was
 designed to 
model the effects of 
compaction on the post-
depositional remanent 
magnetization of a synt
hetic sediment. A synt
hetic sediment is used 
so that its constituent
s are known, thereby co
ntrolling one possible 
variable in the experim
ent. This may enable an
y observed compaction 
effect to be related t
o the known properties 
of the sediment. Two 
shapes of magnetic grai
ns, acicular and equidi
mensional, are used to 
determine if grain sh
ape contributes to th
e compaction effect. 
Furthermore, compacti
on 1s conducted 1n 
magnetic fields with 
different inclinations 
to determine whether co
mpaction is a function 
of the magnetic field in
clination and the initia
l inclination of the 
sediment. Stirring re
manent magnetization, a
 laboratory analog of 
bioturbation (Tucker, 198
0b), 1s used to impart a
n initial 
magnetization to the se
diment. The stirring 
remanent magnetization 
method also permits m
agnetization and compac
tion of the sample in 
the same magnetic field,
 thus ensuring greater 
experimental control. 
In addition, the stirri
ng remanent magnetizat
ion method is a better 
model of the process 
by which natural sedime
nts become magnetized 
than magnetization meth
ods used in previous stu
dies. 
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METHODS: 
Sample Preparation 
The samples are made from
 a non-magnetic matrix, 
magnetite, and distilled wat
er. Both acicular and equidim
ensional 
magnetite are used. The acicu
lar magnetite has an average l
ength of 
0.45µ on its long axis, 
with a length to width ra
tio of 
approximately 6:1 (Hall, 1982). The 
equidimensional grains have an
 
average diameter of approxim
ately 0.5µ (Pfizer SEM micrograph). 
Both types of magnetite we
re obtained from Pfizer Mine
rals and 
Pigments Division (M0-4232, M0-7029 re
spectively). The non-magnetic 
matrix is furnished by Spi
nk's Clay Company. It is k
aolinite 
(commercially designated "1/2 Champ
ion and 1/2 Challenger") with a 
mean particle size of 2.7µ 
(Coulter Counter analysis, model TAII)
 
and only 0.1% of it larger than
 63µ (Hall, 1982; fig. 1). 
When preparing the samples, a 
small amount of magnetite is 
weighed, and distilled water
 is added to it. This mixture
 is then 
sonicated for at least 30 
minutes to reduce clustering
 of the 
magnetite (Tucker, 1979). Immedia
tely following sonication, the
 
kaolinite matrix is added. Th
e samples are all prepared so 
that the 
initial water content is app
roximately 150% by dry weight, an
d the 
magnetic fraction is (0.10% by dry 
weight. The slurry is manuall
y 
stirred until the sample appe
ars to be homogeneous. At this
 point, 
the slurry is thick, but poura
ble. 
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Figure 1: Clay Particle Size Analysis- Particle Size vs. Cumulative 
Percent. Size Analysis of kaolinite furnished by Spink's Clay Comp-
any. This kaolinite was the non-magnetic matrix material in the 
sample. (after Hall, 1982) 
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Magnetization Process 
After m1x1ng, the slurry is immediately poured into an 
acrylic holder (2.22 cm. ID, 5.02 cm length). The holder has lines 
scribed onto its outer surfaces so that it may be oriented in the 
applied field (fig. 2). In addition, the holder is designed so that 
it fits into the magnetometer sample chuck by removing its top half. 
This can be done after compaction has driven the sediment into the 
lower part of the sample holder. This minimizes sample disturbance 
and orienting problems which could occur if the sample had to be 
extruded from the sample holder. The holder 1s not made to fit into 
the a.f. demagnetizer chuck. Therefore, the bottom of the holder is 
designed to slide through the cylindrical cavity, pushing the sample 
out of the holder. The sample is then placed into the appropriate 
holder the a.f. demagnetization. 
Once the slurry is inside the holder, the holder 1s placed 
into the consolidometer which is surrounded by two sets of square 
Helmholtz coils. The coils (Parry, 1967) are capable of maintaining 
a controlled magnetic field of 0.05 mT over a 5 cm
3 
region. This 
region 1s sufficiently large to encompass the sample (fig. 3). A 
post-depositional remanent magnetization is imparted to the slurry 
by stirring it in this field (Tucker, 1980b). A filter paper, stone 
and acrylic plug placed onto the slurry surface permit the water to 
drain freely through the top of the sample holder during compaction, 
without allowing the sediment to escape. The acrylic plug (2.22 cm 
diameter, 3.20 cm length) has 8 holes (0.32 cm diameter) drilled 
12 
lnstt• Sample Set-up 
I 6' 
,,' 
/I ,, 
I I 
I \ I \ ,, 
' ., 
, ___ _ 
cribed Line 
Figure 2: Sample Holder. Brass pegs hold th
e ·top and bottom to-
gether during compaction. Top half is remove
d for sample measure-
ment. Bottom is used to push sample from ca
vity for a.f. demagneti-
zation. Scribe line aids in orienting the sa
mple in the applied 
field. 
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Water 
Tank 
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,,Brass 
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~ ------~ 
Figure.3:. Schematic Illustration of Helmholtz Coils and Water Tank 
Consolidometer (Hamano, ~980). Water from a reservoir slowly pours 
into the water tank, which is initially balanced by a brass weight. 
The increasing weight of the water tank applies an increasing load 
to the sample. The entire apparatus is surrounded by 2 sets of 
Helmholtz coils to control the magnetic field. 
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through it for water to drain through. Also, the top of the plug 
has a small trough machined into it so that a brass ball (1.27 cm 
diameter) may rest in it and act to transfer the applied load to the 
plug. In turn, the plug transfers the load to the cross-sectional 
area of the stone and sample. 
Compaction Process 
Each sample 1s continuously compacted (after Hamano, 1980) 
by slowly applying a load to the brass ball. A tank (fig. 3) which 
rests on the brass ball is slowly filled with water. This results 
1n application of a final pressure to the sample of 0.14 MPa after 
6-8 hours. This pressure is only from the weight of the water in 
the tank, since the tank is initally counterbalanced by a brass 
weight. Most samples (low pressure compaction experiments) are 
removed from the water tank consolidometer (Hamano, 1980) 3-4 times 
during the loading for measurement of the sample's magnetic 
direction and intensity. Water flow to the tank is stopped during 
the time that the sample is being measured and resumes when the 
sample 1s replaced. When the final pressure is reached, the water 
flow 1s stopped, and the sample sits with the pressure applied 
overnight. 
If the sample 1s to be compacted further (high pressure 
compaction 
backpressured) 
experiments), a standard unidirectional (non-
soil consolidometer (Karol-Warner, model 350) 
replaces the water tank consolidometer 1n the center of the 
Helmholtz coils. The Karol-Warner 
15 
consolidometer has been 
calibrated with a Baldwin load cell ·(fig. 4). · Each
 load may be 
applied with an accuracy of +/- 4.3 kg (2 standard deviations). 
The 
compaction process follows modified stan
dard soil consolidation 
procedures (ASTM, 1980) . Each pressure is applied at lea
st until 
primary consolidation is complete. This is 
indicated by a near zero 
slope on a plot 0£ dial reading versus log tim
e. Generally, this 
takes 24 hours. At this point, the sa
mple may be subjected to 
higher pressures, following a similar proc
edure for each pressure. 
If the sample 1s to be measured in the mag
netometer, it is allowed 
to rebound by decreasing the pressure 
to 25% of the pressure 
applied. This 
log time plot 
then reduced 
pressure is maintained until a dial reading
 versus 
again exhibits a near zero slope. The pres
sure 1s 
by another 75%. The rebound continues at lea
st until 
the applied pressure equals the initial 
pressure applied to the 
sample in the Karol-Warner soil consolidomet
er. 
Measurement 
Most samples are measured with Lehigh Uni
versity's slow 
spinner digitized fl uxgate magnetometer, using
 a 6-spin measurement 
routine. Four samples (stirring experiments and LAMl) 
were measured 
at Lamont-Doherty Geological Observatory 
with an ScT cryogenic 
magnetometer. Most samples are measured
 at least three times so 
that Fisher statistics (Fisher, 1953) may be determined
. Measuring 
the sample three times allows calculation 
of the measurement error 
for each sample. 
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Figure 4: Calibration Curve for Karol-Warner Consolidometer. Cali-
brated with a Baldwin load cell. Error bar equals 4.3 kg. (2 std. 
dev.). Karol-Warner consolidometer was used to apply 0.14 MPa to 
sample, after consolidation in water tank consolidometer (Haman~, 
1980). 
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Demagnetization 
Following the final pressure step, the sample is meas
ured 
and carefully extruded from the holder. It is scrib
ed and placed 
into the sample holder for a.f. demagnetization. 
The sample is 
progressively a.f. demagnetized up to about 75 mT or 
until <10% of 
the sample's original intensity remains. Orthogon
al projection 
plots (Zijderveld, 1967) are constructed from the a.f. 
demagnetization data. Characteristic directions are d
etermined by 
linear regression in which the lines are tied to t
he origin. 
Comparison with computations in which the lines are
 not forced 
through the origin show little change in the ch
aracteristic 
direction because of the high quality of the a. f. dema
gnetization 
data (see fig. 8). 
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Results: 
Stirring Experiments 
Several experiments were conduc
ted at Lamont-Doherty 
Geological Observatory to utili
ze a cryogenic magnetometer. Th
e 
cryogenic magnetometer allows s
ample measurement when the wate
r 
content of the sample is so 
high that a spin measurement is
 
impossible to conduct. Because
 the samples are too watery to be
 
measured in the spinner magnetom
eter after stirring, the assumptio
n 
is made that the samples acquir
e a magnetization parallel to the
 
field in which they are stirred. 
This assumption is consistent with
 
observations made by Tucker (1980) and Ken
t (1973). The purpose of 
these experiments was to check th
at assumption. 
Slurries composed of kaolinite,
 and either acicular and 
equant magnetite were stirred in
 a "zero" field (<I nT intensity), 
a 0.091 mT field with a 30° inclina
tion, a 0.066 mT field with a 45° 
inclination, and a 0.056 mT fi
eld with a inclination. 
Immediately following the stirrin
g, the samples were measured. The
 
"zero" field and 76° field expe
riments are useful for comparison 
since these were conducted with th
e same samples, and therefore, the
 
same amount of magnetite (table 1, fig. 5
). These indicate that the 
magnetization of samples stirre
d in "zero" field is at least two
 
orders of magnitude weaker tha
n when stirred in a 0.56 oe field. 
The samples stirred in the 30
° 45° and 76° field inclinations 
' ' 
exhibit interesting and similar be
havior. In each one, the measured
 
inclination is steep
er than the field inclinatio
n. 
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I D _M(Am
2) k !!95 N 
"O" Field: 
-
-
-9 
Acicular: 45.1
 44.1 1. 4xl0 _ 10 535 
3.5 3 
Equidim.: 49.6
 9.7 4.lxlO 4718 
1.2 3 
30° Field: -7 
Acicular: 36.2
 11.8 4.0xl0_7 409
 4.0 3 
Equidim.: 36.5
 7.1 1. 7x10 357 
4.3 3 
45° Field: -7
 
Acicular: 51.5
 19.0 3.5xl0_7 317
 4.5 3 
Equidim.: 51.3
 13.6 l.3x10 541 
3.5 3 
76° Field: -6 
Acicular: 83.
0 338.2 6.3x10 _8 3305
 1.4 3 
Equidim.: 85.8
 334.6 8.6x10 1474 
2.1 3 
Table 1: Stirring E
xperiment Results. N
ote that samples yield 
steeper directions th
an the field in which 
they were stirred, but 
that samples stirred 
in the same field show 
directional agreement, 
within experimental er
ror. 
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Figure 5: Stirring Experiments. Solid ovals represent "".s calculated for 3 samples with equidimen-
sional magnetite. Broken ovals represent . .,.,u calculated for 3 samples with acicular magnetite. Note 
directional agreement between samples stirred in the same field ·regardless of magnetite shape. Samples 
always recorded steeper inclination than field in which they were stirred. 
Directional agreement (within experimental error
) is found between 
samples containing acicular and equant sh
aped magnetite. 
High Pressure Compaction Experiments 
A set of compaction experiments was perf
ormed to determine 
the effects of higher pressures (>0.14 MPa, 
)40 m burial depth, 
after Hamilton, 1959) on the slurry. Four samples
, lA-45-2,3,4,5, 
containing acicular magnetite and £o
ur samples, lE-45-2,3,4,5, 
containing equidimensional magnetite w
ere compacted in the water 
tank consolidometer (Hamano, 1980) in a 45° fie
ld. They were then 
-
measured and transferred to the stan
dard soil consolidometer for 
loading to higher pressures. After 
application of the desired 
pressure, the sample was removed and 
remeasured. Samples lA-45-5 
and lE-45-5 were both subjected to a final pres
sure of 2.53 MPa 
(table 2), corresponding to a burial depth of ab
out 360 m (fig. 6, 
Hamilton, 1959). Interestingly, at the f
irst measurement step, 
directly after the water tank consolidat
ion (0.14 MPa), the samples' 
inclinations are already 10°-17° sha
llower than the 45° field 1n 
which they were stirred and compacte
d (table 2). Application of 
pressures greater than 0.14 MPa results 
in further shallowing of the 
inclination by 0.8° to 
0 2.8 . The assumption was made that t
he 
initial inclination of the sample e
quals the field inclination, 
despite the results of the stirring exp
eriments which indicate that 
the initial inclination is steeper tha
n tne field direction. This 
assumption yields a minimum estimate fo
r ~I, which is calculated by 
subtracting I f' l from I. ·t· 1. 1na 1n1 1a 
The inclination decreases with 
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Sample ID. Press. I D ~95 M f1V I D 
111 
(MPa) - -
- -7 (Charact. (xl02 Am) Direct.) 
lA-45-2 0.14 34.3 357.6 0.6 8.62 0.58 
0.29 33.5 357.2 0.3 8.23 0.62 31 358 14 
lA-45-3 0.14 31.9 1.1 0.4 12.8 0.57 
0.61 30.9 1.5 0.4 12.0 0.63 33 2.0 12 
lA-45-4 0.14 29. 7 353.7 0.3 17.4 0.56 
1.24 27.9 354.2 0.8 16.0 0.64 31 359 17 
lA-45-5 0.14 32.4 359.2 0.6 12.7 0.55 
2.53 29.6 359.1 0.2 11.4 0.64 27 2.0 13 
lE-45-2 0.14 31.5 1.2 0.4 5.64 0.59 
0.29 30.8 0.4 0.4 5.43 0.61 30 0.3 14 
lE-45-3 0.14 32.0 355.8 0.6 5.53 0.59 
0.61 31. 7 356.2 0.3 4.98 0.62 32 359 13 
lE-45-4 0.14 32.0 357.3 0.5 7.27 0.45 
1.24 31. 7 358.3 0.4 6.59 0.64 31 1.0 13 
lE-45-5 0.14 35.0 355.0 0.2 *7.51 0.56 
2.53 33.3 354.6 0.5 *8.90 0.63 33 357 12 
*Magnetometer recalibrated during this run, so relative intensities 
have no meaning for this sample. 
Table 2: Results of the High Pressure Compaction Experiments. Note 
inclination shallowing with compaction. 
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Figure 6: Pressure vs. Depth Relation 
(Hamilton, 1959). Depth is 
depth beneath sediment water interface.
 The plot may be used to in-
fer equivalent burial depth correspondi
ng to applied pressure in 
either the water tank consolidometer (Hamano, 19
80) or·the Karol-
Warner soil consQlidometer. 24 
increasing pressure and 
depth (fig. 7) . It is important
 to note 
that most of the inclin
ation change takes place du
ring the first 
step, while the sample 
is being subjected to loading in th
e water 
tank consolidometer (Hamano, 
1980). Also, the samples' 
magnetizations always de
crease with the applicatio
n of th~ higher 
pressures (table 2). Alternatin
g field (a. f .) demagnetization data
 
( table 2, fig. 8) show that t
he characteristic inclinat
ions are 
within 3° of their NRM inclinatio
ns. 
Low Pressure Compaction Ex
periments 
Several samples were only
 subjected to compaction in the 
water tank consolidomete
r (Hamano, 1980), since little 
further 
inclination shallowing o
ccurs at pressures high
er than O .14 MPa 
(fig. 7) . These samples were gener
ally removed and measured s
everal 
times during compaction 
to O .14 MP a. In all, 24
 samples were 
compacted in this manner,
 14 of which contained aci
cular magnetite 
and 10 which contained 
equant magnetite. The e
xperiments were 
conducted in fields with in
clinations ranging from as
 shallow as 10° 
to as 
0 The intensity of the field 
0.05mT. 
J 
steep as 80 . · 
was 
The same general tren
ds are seen 1n this s
et of 
experiments as were not
ed 1n the high pressur
e consolidation. 
Specifically, these sam
ples showed inclination
 shallowing, 
decreasing magnetization a
nd increasing volume loss 
with increasing 
pressures (table 3). Here, how
ever, the characteristic di
rections 
depart from the NRM dir
ections by more than 3° 
in 9 of the 24 
samples. 25 
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Figure 7: · Inclination vs. Pressure/Depth for Samples lA-45-2,3,4,S. 
First point for each sample is result of measurement after water 
tank consolidometer, 0.14 MPa (Hamano, 1980). Note that most of the 
inclination shallowing takes place during the first step. Samples 
were stirred and compacted in field with 4S-inclination. 
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Figure 8: Typical Zijderveld Plot (sample 3A-30-l). Best fit lines 
are shown through the N vs. D and N vs. E projections. The char-
acteristic direction for a sample is calculated from the best fit 
lines. 27 
Sample ID. Press. I D ~95 M 
tiV I D tiI 
-
-
--7 Charact. (MPa) (x102 Am) Direct. 
lA-20-1 0.02 16.8 357.0 0.5 13.9
 0.36 
0.05- 16 .1 357. 5 0.5 12.4 0.44 
0.05+ 14.7 356.7 0.6 11.6 0.51 
0.14 11.0 352. 7 1.1 12.0 0.59 
11 357 g 
2A-20-1 0.03 15.4 1.4 0.5 36.
3 0.32 
0.04 15.7 0.4 0.2 33.7 0.40 
0.04+ 15.5 0.5 0.2 32.5 0.46 
0.14 14.5 0.9 0.3 30.3 0.54 
14 2.7 6 
lA-22-1 0.03 14.8 359.5 8.3 5
.4 0.29 
0.05 18.2 0.0 0.6 3.8 0.49 
0.14 16.6 l. 6 2.5 3.2 0.61 
13 9.6 5 
2A-30-1 0.01 31. 7 3.3 0.8 1
1.6 0.25 
0.02 33.4 5.2 0.6 9.7 0.30 
0.05 27.8 4.9 0.5 8.4 0.35 
0.14 27.3 4.5 0.8 6.7 0.54 
22 8.3 3 
3A-30-1 0.02 29.0 357.2 0.4 18
.3 0.28 
0.03 28.l 357.9 0.5 15.8 0.31 
0.04 26.2 358.5 0.4 14.6 0.46 
0.14 24.3 357.9 0.1 13.8 0.56 
16 4.8 6 
lA-35-1 0.02- 33.2 0.1 0.2 16
.6 0.27 
0.02+ 33.6 0.4 0.2 15.4 0.35 
0.03 31.4 0.6 0.1 14.3 0.44 
0.14 28.3 0.4 0.1 12.6 0.54 
29 358 7 
lA-45-1/2 0.07 35.4 1.0 1.2 
12.3 0.50 31 357 10 
3A-45-1 0.02 41.1 4.5 0.2 1
6.5 0.31 
0.03 40.0 4.2 0.2 14.9 0.41 
0.05 37.8 3.9 0.2 13.7 0.47 
0.14 36.2 4.0 0.2 12.4 0.55 
29 13.6 9 
lA-54-1 0.04 45.8 0.9 0.7 
13.0 0.30 
0.06 44.8 1.1 0.2 11.6 0.39 
0.08 42.5 0.8 0.8 10.0 0.48 
0.14 39.2 0.9 1.1 9.1 0.58 
33 2.9 15 
lA-60-1 0.02- 62.4 357.9 0.5 1
4.6 0.26 
0.02+ 62.0 357.8 0.3 13.0 0.36 
0.03 59.3 357.8 0.3 11.1 0.44 
0.14 56.1 358.0 0.3 9.2 0.58 
44 345 4 
lA-70-1/2 0.07 61. 6 358.3 0.4 
21.3 0.53 
0.14 59.8 358.3 0.4 19.6 0.58
 61 356 10 
lA-70-1 0.14 59. 9 356.4 0.4 
15.2 0.58 58 359 10 
SA-70-1 0.02 64.3 359.2 2.0 
18.4 0.28 
0.04 61.3 356.8 0.3 13.9 0.4
4 
0.07 59.4 357.1 1. 7 10.7 0.50
 
0.14 58.2 356.0 0.9 9.2 0.
56 60 356 12 
lA-80-1 0.02- 74.9 7.8 0.5 
4.1 0.27 
0.02 74.7 5.9 0.6 3.0 0.3
7 
0.14 71. 7 5.8 0. 9 4.2 0.5
4 75 356 8 
Table 3: Results of the Low 
Pressure Compaction Experiments. 
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Sample ID. Press. I D !!95 M riv I 
D fiI 
(MPa) - -
--7 Chara.ct. (xl02 Am) Direct. 
lE-20-1 0.03 19.9 359.1 0.1 5.9 0.33 
0.04- 20 .1 359. 8 0.8 5.1 0.42 
0.04+ 18.5 0.1 1. 2 4.3 0.52 
0.14 16.1 0.3 0.5 4.2 0.59 15 359 4 
lE-30-1 0.02 29.5 3.4 2.6 1.2 0.30 
0.03 27.6 4.0 0.6 1. 7 0.45 
0.14 24.7 5.2 1.0 1. 7 0.57 20 4.0 5 
LAMl 0.00 40.1 356.0 3.9 0.00 
0.04 41.1 350. 3 4.1 0.04 
0.07 30.7 348.1 3.2 0.42 
0.11 28.0 345.9 3.0 0.51 
0.14 26.9 340.8 3.0 0.51 
0.14 29.2 342.3 2.8 0.53 34 2.4 11 
lE-45-1/2 0.07 37 .4 351.4 0.4 6.4 0.52 
0.14 37.0 351.1 0.4 5.8 0.57 37 350 8 
3E-45-1 0.03 37.3 3.9 0.6 2.7 0.30 
0.03- 39.1 5.0 1. 9 2.4 0.37 
0.03+ 37.2 5.4 1.1 1. 9 0.49 
0.14 35.4 5.3 1. 2 1. 9 0.55 34 2.8 10 
lE-54-1 0.04 51. 9 354. 6 1. 2 6.3 0.37 
0.06 47.3 353.8 1. 5 4.5 0.49 
0.14 45.7 353.9 1. 2 4.0 0.56 45 353 8 
4E-70-1/2 0.07 63.1 355.5 1.3 8.7 0.49 
0.14 62.4 355.1 0.7 8.2 0.53 60 1.0 8 
5E-70-1 0.03- 65.7 8.6 3.6 3.0 0.30 
0.03+ 63.7 14.0 1. 3 2.3 0.40 
0.05 61.3 11.5 1.4 2.7 0.50 
0.14 62.4 12.5 1.2 2.4 0.56 60 13 8 
lE-75 0.14 74.1 349.9 0.9 2.7 0.57 73 3
51 1 
lE-80-1 0.02 79.3 4.9 0.8 5.5 0.32 
0.03 78.5 3.8 1.0 3.6 0.42 
0.06 78.3 2.2 0.6 2.5 0.49 
0.14 76.7 6.1 1.2 1.8 0.54 76 0.0 3 
lA-45-SLOW O .14 31.6 359 .6 0.3 25.0 0.56 31 0
.0 13 
2A-70-3TEST0.10 75.5 324.5 33.7 0.48 
6 
2E-70-1 0.10 62.8 351.1 0.6 9.3 0.54 62 
357 7 
2A-45-1 0.10 34.8 350.0 0.3 25.6 0.52 38 
352 10 
2E-45-1 0.10 39.7 0.6 1.3 7.8 0.54 40 
359 5 
lAS-45 0.02 39.1 4.0 0.6 16.7 0.35 
0.04 36.5 3.9 0.3 14.2 0.46 
0.09 34.5 4.1 0.3 13.4 0.51 
0.14 33.1 3.6 0.4 12.5 0.54 34 0.0 12 
Table 3 (cont.): Results of Low Pressure Compaction Experiment
s. 
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Additional Experiments 
Three possible conditions are hypothesized to be factors 
1n the results of the loading experiments: length of time allowed 
I 
to reach the first pressure step (O .14 MPa), direction 0
1
f water 
drainage during the sample loading and effect of salt in the 
interstitial fluid. Therefore~ experiments were run to determine 
the importance of these £actors. 
Sample lA-45-slow, with acicular magnetite, was compacted 
by the same technique as the other low pressure consolidation 
, _experiments, except that the pressure O .14 MP a was attained in 48 
hours, rather than 6-8 hours. Its inclination is well within the 
range bracketed by samples 3A-45-1 and the lA-45 series measured at 
0.14 MPa (table 3). Therefore, duration of the loading time does 
not appear to affect the results in these experiments. A further 
inference of this experiment is that by loading the sample over 6-8 
hours the loading rate was not higher than the rate at which the 
sample could dewater. 
The effect of drainage direction of the interstitial water 
on inclination was tested by samples 2A-70-3TEST, 2E-70-1, 2A-45-1, 
and 2E-45-1. These samples were allowed to drain through the bottom 
of the acrylic sample holder, rather than the top. Except for 
sample 2A-70-3TEST, which has an inclination steeper than the 
ambient field (70° inclination), the samples (2E-70-1, 2A-45-1, 2E-
45-1) have inclinations shallower than the ambient fields by the 
same amounts as upwardly drained samples. This result is consistent 
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with Blow and Hamilton's (1978) observations. Their samples, which 
were allowed to drain through their lower faces, exhibited 
inclination shallowing. This indicates that drainage direction 1s 
not a factor in causing the inclination shallowing effect. In 
addition, given the observation that the PDRM (post-depositional 
remanent magnetization) may be 6°-10° steeper than the ambient 
field, sample 2A-70-TEST may have experienced either no inclination 
change or inclination shallowing but probably no inclination 
steepening. 
1n sample 
not model 
samples 
The effect of salts in the interstitial fluid was tested 
lAS-45 (table 3). One way in which these experiments do 
a true deep sea sediment is that the pore waters of the 
are distilled water. Deep-sea sediments originally 
incorporate seawater water in the pores. The presence of salt 
water, rather than distilled water, may affect the acquisition of a 
post-depositional remanent magnetization if the acquisition is 
related to the consolidation behavior of the sediment. It is well 
documented that clays have a different consolidation behavior in 
salt water (Rieke and Chilingarian, 1974). Therefore, a sample 
containing salt water was compacted to see if its compaction-
induced inclination shallowing differed from samples compacted with 
distilled water. The sample was prepared with a salt concentration 
of 0.598 M, comparable to salt concentration in seawater (Gross, 
1982). The salt used was NaCl, since that comprises 88% of the salt 
1n ocean water (Gross, 1982). 
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The magnitude of this sample's 
inclination shallowing (~I) is in agreement with other studies made 
with acicular magnetite at 45° in plain distilled water (lA-45 
series, 3A-45-1). 
Hamilton's (1978) 
This result is in agreement with Blow and 
redeposition experiment with seawater as the 
interstitial fluid. However, these authors considered their results 
to be preliminary, since their experiment utilized a sediment which 
had undergone several redepositions. 
Two other sets of experiments were run. The first 
involved subjecting a single sample to successive pressure steps 
(upto 8.0 MPa) and measuring the magnetic signal at the culmination 
of each pressure step with a four sprn measurement routine, 
necessary due to the long length of the sample holder. The data 
show very high measurement error (appendix 1), which is equal to the 
a95 calculated from three measurements of the sample. Since the 
measurement error was so high, no change in inclination was 
resolvable, and therefore the method was abandoned. In the second 
set of experiments, a new sample was prepared for each pressure 
step. Assuming the initial inclinations of the samples were equal 
to the ambient field (and therefore to each other), the experiment 
would then yield inclination as a function of pressure. The 
assumption of equal initial inclinations proved false, and therefore 
this technique did not yield any meaningful data (appendix 2). This 
method was also abandoned in favor of those previously described. 
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DISCUSSION: 
A striking feature of the data is the large volume change 
experienced by the samples at relatively low pressures (table 3). 
The volume decrease 1s approximately 50% at 0.14 MPa. This 
corresponds to a porosity (pore volume of the sample divided by the 
total volume of the sample) change from an initial porosity of 77% 
to a final porosity of 45%. Based on Hamilton's (1959) depth of 
burial relationship (fig. 6), this pressure is equivalent to a depth 
of about 40 m below the sediment water interface, yet natural deep-
sea sediments do not reach 45% porosity until depths of 300 m- 500 m 
(Larson, Moberly et al 1975; Shlanger, Jackson et al 1976; Lancelot, 
Seibold et al, 1977; Morgan, 1977; Supko, Perch-Nielson et al, 1977; 
Benson, Sheridan et al, 1978). These deep-sea data point out a way 
in which this simple synthetic sediment fails to model a deep-sea 
sediment. Deep-sea sediments have many constituents, and kaolinite 
comprises, at most, 10% of the hemipelagic sediment offshore of 
South America 1n the equatorial Atlantic, where kaolinite 
concentration 1s highest 1n the world ocean (Melieres, 1977; 
Zimmerman, 1977; Kennett, 1982). The fact that the synthetic 
sediments are composed almost entirely of kaolinite, while kaolinite 
comprises a very small part of the natural sediments may help 
explain the discrepancy in porosity between a synthetic kaolinite 
sediment and a natural deep-sea sediment. In addition, it may imply 
that the observed inclination shallowing may actually be expected to 
occur deeper 1n the sediment column 1n a deep-sea sediments, where 
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the degree of compaction is comparable to the degree of co
mpaction 
seen 1n these experiments. If so, the use of this part
icular 
synthetic sediment may accentuate the inclination shallowin
g effect 
that might actually be seen in a real sediment. 
The stirring experiments also point out an additional 
feature: the samples do not acquire a magnetization paralle
l to the 
applied field, as previous workers have demonstrated (Kent, 1973; 
Tucker, 1980). The declinations of the stirring experiments agree 
fairly well with the ambient field directions, but the incl
inations 
are steeper. One possible explanation is that the am
bient 
field 1n the laboratory could not be precisely measur
ed. The 
Hewlett-Packard fluxgate magnetometer used to measure the
 ambient 
field has an analog scale accurate to 0.001 mT. This coul
d cause, 
at most, a 1°-2° error in the measurement of the field. S
ince the 
1°-2° uncertainty in the field is not enough to account for
 the 6°-
100 inclination steepening, another explanation for the st
eepening 
must be found. The origin of this steepening is probably i
n the 
stirring technique itself. The technique involves manually
 stirring 
the sample with a brass rod. Stirring takes place about a 
vertical 
axis 1n a circular and up and down motion. During this pr
ocess it 
1s possible that the circular motion of the rod imparts a v
orticity 
to the slurry, 1n which case the magnetite grains 
could be 
physically pulled downward, thereby steeping the 
magnetic 
inclination of the sample. The fact that the sample
s acquire 
steeper directions than the field does not change the ob
servation 
34 
that an inclination shallowing takes place. It implies that the 
size of the shallowing is greater than initially estimated (table 
3). Regardless of the explanation of the steepening, some method of 
approximating the initial inclinations, I , of the slurry is needed 0 
in order to quantify the magnitude of the inclination shallowing. 
This approximation will be explained when various models are 
compared with the data, since the explanation is inherent to the 
models. 
Inclination Error Models 
Blow and Hamil ton (1978) propose a model for inclination 
shallowing based on the inclination of the ambient field and the 
degree to which the sediment is compacted. Quan ti tati vely, this 
model is 
tan(I ) = (1-llV)tan(I) 
r o 
where I 1s the remanent inclination of the sample after compaction, 
r 
/W is the degree of compaction and I is the initial inclination of 0 
the sample, equal to the inclination of the ambient field. Their 
model has the same functional form as King's (1955) model. King's 
model differs 1n that no compaction dependence 1s suggested. 
Instead, the coefficient of tan(I ) , 0 (1-llV), 1s replaced by a 
constant f, whose value equals the proportion of "quasispherical" 
(probably equivalent to the equidimensional grains used in this 
experiment) magnetic grains 1n the sediment. These "quasispherical" 
magnetic grarns are able to record the ambient magnetic field 
direction, while "plate-like" particles are constrained to lie in 
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the horizontal plane. An obvious third model, proposed here, 
combines both of these factors. Quantitatively, this is expressed 
as 
tan(I) = (1-~V)ftan(I) . r o 
This model modifies the previous two models by suggesting that 
"quasispherical" magnetic grains may be rotated into a horizontal 
plane, thus shallowing the inclination of the bulk sample. 
A fourth model, also proposed here, is based on Blow and 
Hamilton's model. This model also has a dependence on the field 
inclination and degree of compaction, but predicts less inclination 
shallowing than either Blow and Hamilton's model or the combined 
model. Less shallowing of the inclination vector is hypothesized 
because the mechanism for inclination shallowing may not be the only 
process occurring as the clay grains in the sediment move closer 
together. Mathematically, this is expressed as 
where a is the factor by which the compactive shallowing is lessened 
due to other possible processes acting to steepen the inclination, 
or just opposing the shallowing forces. 
Each of the models described, except for the last, fail to 
predict certain observations made in the experiments. Since King's 
model lacks a compaction dependence, it is inappropriate to even 
apply to the data presented here, although his model suggests a 
grain shape dependence which may also be present. Also, King's 
model does not predict a change in intensity of the sample. The 
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data clearly indicate that the magnetiza
tion of the samples 
decreases with increasing compaction (table 3), whic
h the other 
models suggest. Both Blow and Hamilton's m
odel and the combined 
model of King, Blow and Hamilton have certa
in features which the 
data presented here do not support. For 
example, Blow and 
Hamilton's model predicts that prior to comp
action of the sediment 
(bV=O), the remanence inclination should equa
l the field 
inclination. The combined model predicts an in
itial shallowing due 
to the proportion of "plate-like" grains prese
nt which, even at zero 
compaction, would lie in the horizontal plane.
 In addition, as the 
compaction of the sediment proceeds toward
 the theoretical 100% 
compaction (AV=l), the remanence inclination would app
roach zero. 
Neither of these predictions is observed in the
 data. 
variables, 
Since the formulation of these models 
relates two 
AV and tan(I), in a linear sense, linear regression was r 
performed on these variables (fig. 9). A linear rela
tionship is 
found, whose slope is dependent on the initia
l magnetic inclination 
of the sample. The steeper the initial inclin
ation, the steeper the 
slope (fig. 9). This relationship between initial incl
ination and 
the slope is predicted by the models which sug
gest that the slope is 
proportional to tan(I). 0 
intercept of the ordinate 
In addition, the models predict that the 
should equal tan(I ). 0 This prediction
 
enabled the initial inclination of the sed
iment to be estimated. 
This technique was used because of the di
fficulty 1n accurately 
determining the initial inclination acquired 
by the sediment during 
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Figure 9: l::J.V vs. tan Ir Data Based on Linear Regression. This includes samples containing either equi-dimensional or acicular magnetite. Note that the lines do not intersect the~V axis at.the theoretical b.v = 1.0. 
4. 
tan! 
r 
0 G.24 0~2 0.AI O.Da o~ Degree of compaction A 
0 1quldlm. 
• aclculcr 
--- LAMI 
-- --
- ----
D.10 0.81 .o 
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dimensional or acicular magnetite. Note that the lines do not intersect the AV axis at·
 the theoretical 1 
llv = 1.0. 
stirring. Using this technique to estimate the initial inclination 
of the samples allowed a calculation of the amount of inclination 
shallowing (fig. 10). Blow and Hamilton's model, and the combined 
model have a compaction dependence which predicts an abscissa 
intercept at AV=l. The compaction versus inclination data collected 
1n these experiments exhibit a linear relationship, however, the 
data do not predict that tan(I) = 0 at AV=l. That is, while the 
r 
observations support the models which predict inclination shallowing 
with increasing volume loss, the data do not predict that the 
samples yield a perfectly horizontal magnetization at the 
theoretical 100% compaction point (AV=l). In fact, while 
inclination shallowing with increasing AV 1s predicted with all 
models, all models except the one proposed here, overpredict the 
amount of shallowing (figure 9). 
There are several possibilities which could explain why 
the data do not support the prediction that the remanence 
inclination equal zero at AV=l. The inclination could have been 
steepened during the experiment by the experimental procedure. By 
periodically sp1nn1ng the sample throughout the compaction process 
to measure its magnetic signal, it is possible that enough kinetic 
energy 1s imparted to the magnetic grains to partly overcome the 
compactive shallowing process. If this is the case, a solution may 
be to carefully measure the sample with a minimum of disturbance, 
for example by lowering into a cryogenic magnetometer. Sample LAMl 
(figure 9) was measured in this fashion. Note that although it does 
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Figure 10: Io vs. AI . Sol
id dots are samples with ac
icular mag-
netite; equidimensional ma
gnetite bearing samples are
 shown with 
open squares. 6 I was calc
ulated using figure 9 where
 tan J..= tan I. 
at AV= O, and tan IT was 
read atAV = 0.55. Thus,A
l =lo-I,. is 
based on the regression ana
lysis of AV vs. tan 1r • 
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exhibit more inclination shallowing than those samples with the same 
or close to the same initial inclination, tan(I) is still well r 
above O at ~V=l. Thus, it is possible that this spinning 
disturbance may have some effect, but it appears unlikely to produce 
the magnitude of the effect observed. 
Alternatively, the size of the error in the data, due to 
inaccuracies inherent 1n the experimental set-up, could have masked 
the effect. However, all of the lines fit to the data pass a non-
zero slope test at at least the 90% significance level (Snedecor and 
Cochran, 1980), except for those samples with a very low I, whose 0 
slopes should be very close to 0. Also, the error bars represent 
the of the measurement error of the sample, based on at least 
three measurements. The measurement error is not very large, 
generally -1° (table 3). If the uncertainty in reading the 
voltmeter, which measures the field direction (- +/- 2°) when the 
Helmholtz coil current is being set, is included, these errors would 
increase substantially. Note however, that the size of the error 
becomes negligible for a small value of inclination when the tangent 
of the inclination is the parameter plotted. Therefore, although 
the large size of the error bars on the upper region (above 
-tan(I )=2) of the graph makes it possible to draw the lines through 
r 
0 at ~V=l, the experimental error does not allow the lines to 
intercept Oat ~V=l on the lower half of the plot. 
A third possibility to explain why the data do not support 
the prediction of the model is that 41 
100% compaction may lack 
physical meaning. Therefore, any prediction
 of inclination at zero 
volume 1s also meaningless. While this 
may be a valid argument, 
the data do exhibit less inclination sha
llowing than the models 
predict at every degree of compaction up 
to 1 (except for 6V=O). 
That is, the lines (figure 9) do not intersect the hV 
axis at hV =1 
because the slopes of the lines are not negat
ive enough. Therefore, 
even if it is meaningless to speak of 100% 
compaction the data are 
not consistent with the models. 
From the preceding discussion it is cle
ar that one 
possibility remains: the models are incomp
lete because they do not 
adequately predict the data. The following
 section will propose a 
mechanism by which compaction can shallow the
 magnetic inclination. 
An Alternative Model 
The sediment used 1n these experiments 
1s a slurry of 
distilled water, kaolinite and magnetite (fig. 11). The
 long flat 
faces of the kaolinite grains are nega
tively charged due to 
isomorphic substitutions in the clay struct
ure (Swartzen-Allen and 
Matijevic, 1974; Yariv and Cross, 1979). The net cha
rge of the 
surface must be compensated by available i
ons in the water. This 
results in an electric potential differen
ce occurring across the 
clay-water interface and an electric doubl
e layer of positive and 
negative charges is formed (Yariv and Cross, 1979). T
he surface 
charge of the clay also causes the prese
nce of an electric field 
oriented perpendicularly to the clay sur
face (fig. 11). The 
concentration of ions in solution is a con
trol on the thickness of 
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Figure 11: Schematic
 of Clay-Water-Magne
tite System. Isomorph
ic 
substitution in the c
lay lattice causes ne
gative surface charge
 on 
the kaolinite grain. 
Compensation for that
 charge occurs by+ i
ons 
in water (denoted by+). 
The surface charge o
f the clay also gener
-
ates an electric fiel
d oriented perpendic
ularly to the long fac
e of 
the clay. Magnetite 
grains develop a pos
itive surface charge 
in the 
region of high conce
ntration of positive 
ions. 
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the electric double layer surrounding the clay flake. T
he more 
cations available in solution, the closer to the clay p
article 
electrical neutrality will be achieved (the thinner the double 
layer). Since the clay is negatively charged, the concentration of 
positive ions in the region adjacent to the clay surface will exceed 
the concentration of negative ions. In distilled water, esse
ntially 
the only positive ions available to neutralize the negati
ve clay 
charges 
+ + 
are H (probably H3o ) , whose concentration in solution is 
equal to the pH of the solution. 
The presence of particle-generated electric fields will 
have an effect on the magnetite. A relatively insoluble oxid
e, such 
as magnetite, will acquire a surface charge density whi
ch is a 
function of the pH of the surrounding liquid (Parks, 1964) . If the 
magnetite particle were to be present in the region near a ka
olinite 
grain, the magnetite particle would be in a region of rel
atively 
high concentration of positive ions and therefore in a
 low pH 
region. This would result in a positive charging of the m
agnetite 
surface, making the magnetite grain subject to control by the 
electric field (fig. 11) . Consider two small charged magnetite 
particles rn the electric field due to the clay grain (fig. 11). 
The magnetic grains are initially situated with their m
agnetic 
moments parallel to the ambient magnetic field but at some ar
bitrary 
angle to the electric field. The electric field wi
ll have two 
effects on the particles, rotation and translation. As rota
tion is 
the only movement which would cause the magnetic moment
s of the 
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magnetic grains to become_ misaligned with respect to the amb
ient 
magnetic field inclination, only this motion will be conside
red 
here. 
Before a discussion of the motion of individual magnetic 
grains is relevant, it is necessary to examine how this
 
electrostatic process may be related to the sample compaction o
n a 
larger scale. Experiments with kaolinite slurries indicate that 
a 
pressure as low as 0.1 MPa produces a very marked prefer
red 
orientation of the clay grains (Rieke and Chilingarian, 1974) (fig. 
12). Note that the long faces of the clay grains are oriented 
perpendicular to the loading direction. Faas and Crocket (1983) 
also noted the same behavior in a natural deep sea sediment. At 
the 
top of the core they studied the clay grains were relativ
ely 
randomly oriented. With 
. . increasing depth (pressure), they 
documented the development of a planar fabric due to para
llel 
alignment of clay minerals in the horizontal plane. It is li
kely 
that this preferred orientation of the clay grains occurs in 
the 
samples in this study. As this clay reorientation occurs, th
e 
orientation of the electric field generated by the clay partic
les 
changes from random to essentially vertical throughout the sample
. 
Since the electric field in this compacted kaolinite 
sediment is probably vertical, the equilibrium position fo
r a 
charged particle in the field is horizontal. At any other positi
on, 
the grain will experience a torque rotating the grain into
 the 
horizontal due to the electric field. No shallowing, on a b
ulk 
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Figure 12: Preferred Orientation of Clay Grains 
as a Result of Ap-
plied Pressure (after Rieke and Chilingarian, 1974). 
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sample scale, should occur until 
some reorientation of the clay 
grains occurs. Thus, this proces
s predicts that the remanence 
inclination of the grain should equa
l the ambient field inclination 
when ~V=O. 
By examining the nature of the clay g
rains, an explanation 
of why the inclination shallowing 1s 
less than that predicted by the 
pure compaction model is apparent. 
Kaolinite possesses a constant 
negative surface charge along its
 broken bond edges (van Olphen, 
1963). Therefore, the electrical double lay
er created by the broken 
bond edges would tend to steepen th
e bulk magnetic inclination as 
the clays adopted a preferred orien
tation. Because the large flat 
surfaces account for a much higher 
proportion of the surface area, 
the net effect is still an overall 
inclination shallowing, but the 
effect of the charged broken bond
 edges will still affect some 
particles. This combined effect sugg
ests a physical meaning for the 
coefficient, a, 1n the mathematic
al expression for the proposed 
model. a may be the proportion of 
magnetic grains affected by the 
clay edges, or it may related to th
e proportion of clay edge area 
relative to face area. These ex
periments yield a value for a of 
0.4 (+/- 0.2, 1 standard deviation). No comparison
 to an actual 
ratio of edge to face areas is 
available since no quantitative 
measurement of that type has been perf
ormed on the kaolinite used in 
this experiment. Using a = 0.4,
 the I versus ~I data were 0 
calculated (fig. 10) The agreement between 
the curve and the data 
1s good. Note that the curve genera
ted by Blow and Hamilon's model 
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predicts much more 
data (fig. 10). 
inclination shallowing than is
 observed in the 
The model proposed here, as 
well as the other 
models involving compaction, 
predict a decrease in the inte
nsity of 
the sample (fig. 13). The data cle
arly exhibit this feature. On
e 
physical explanation for th
is effect may be magnetic inte
ractions 
between the grains as they
 are moved closer together du
ring the 
compaction process (Hamano, 1983). 
Other Evidence for the Electro
static Model 
The electrostatic mechanism 
for shallowing the magnetic 
inclination of a sample will
 not affect all of the magnet
ic grains 
equally, nor would a sim
ple decreasing pore-size re
duction 
mechanical model. However, i
n the electrostatic model the 
smallest 
magnetic grains are most lik
ely to have their behavior gov
erned by 
surface charge, since their
 surface area to volume ratio
 is very 
large. The larger grains 
would be affected to a lesser
 extent. 
Experimentally isolating the
 magnetic behavior of the 
smallest 
magnetic grains is not difficu
lt. Alternating field demagn
etization 
isolates the magnetic sign
al of the most coercive gra
ins which 
presumably are the smallest (Parry, 
1965). Since the electrostatic 
process should cause shallowi
ng of the smallest grains to 
a greater 
extent than the larger grain
s, removal of the larger grain
s' signal 
through alternating field 
demagnetization should resu
lt 1n a 
shallower characteristic d
irection than the sample's 
natural 
remanent magnetization. If 
the smallest magnetic grains
 do not 
control the decrease in inclin
ation, a statistically equal 
number of 
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Figure 13: Schematic of the Compactive Effect. Io= original in-
clination. Ir= remanent inclination after compaction has reduced 
an original sample thickness Z, by an amount b. VZ, , where Q,<AV<l 
(after Blow and Hamilton, 1978). Note that the length of the arrow 
which is the magnetization of the sample decreases after compaction. 
Thus, the model predicts an intensity decrease. 
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samples should have characteristic directions shal
lower or steeper 
than their NRM's after a.f. demagnetization. T
hus, a chi-square 
test was performed comparing the number of characte
ristic directions 
shallower or steeper than the samples' NRM's. 
The hypothesis of 
equal proportions was rejected at the 95% significance level. O
ut 
of 34 samples compacted and demagnetized, 23
 had shallower 
characteristic directions than their na
tural remanent 
magnetizations. These demagnetization data tend
 to support the 
electrostatic mechanism for shallowing. 
More experimental support for this model comes from
 Payne 
and Verosub (1982). They found that turning samples through va
rious 
angles in a magnetic field caused the declinatio
n of the samples 
with a sand content of at least 60% to rotate, de
pending upon the 
water content of the sample when the sample 
was turned. Upon 
demagnetization, they also found that the lower co
ercivity fraction 
(larger magnetic grains) recorded the declination changes resu
lting 
from sample rotation. Thus, they concluded tha
t the less mobile 
fraction of the magnetic carriers were the mo
re coercive. This 
result is consistent with the demagnetization dat
a presented here, 
which indicate that the most coercive grains 
(smaller magnetic 
grains) fail to align their magnetic moments with the am
bient 
magnetic field during the compaction process. 
The results of sample AS-45 are perplexing with resp
ect to 
this proposed model. Theoretically, since this sam
ple contains salt 
water rather than distilled water, the thickness 
of the electrical 
so 
double layer should 
be much less than the 
distilled water sample
s 
(Yariv and Cross, 1979; Rie
ke and Chilingarian, 1
974). Calculations 
suggest that the size
 of the double layer s
hould be reduced from 
-1 
µ to -0.0004 µ (appendix 
3). If the double layer si
ze is reduced, 
the sample should e
xhibit different com
paction behavior. Th
e 
sediment should com
pact more easily becau
se the charges repellin
g 
the grains are neu
tralized closer to the
 grain's surfaces by t
he 
added ions in solutio
n (Rieke and Chilingarian, 
1974). At the same 
time, the distance from
 the clay grain over 
which the electric fie
ld 
is effective should 
be reduced, since the 
electric field is due 
to 
the unbalanced charge
s. Therefore, if this
 electrostatic mechani
sm 
is indirectly causin
g the magnetic inclin
ation shallowing, addi
ng 
salt to the distilled
 water should lessen t
he overall effect of 
the 
mechanism and less in
clination shallowing s
hould be observed. No
w, 
however, because the
 pore spaces are sma
ller, mechanical rotati
on 
due to pore size r
eduction may be a dom
inant process. Too man
y 
variables are varyin
g in this particula
r experiment to draw a
ny 
conclusion. Less inc
lination shallowing is
 not seen. This samp
le's 
inclination shallowed
 by 11.9° for an appli
ed pressure of 0.14 M
Pa, 
which 1s within the 
values expected on the
 basis of samples lA-4
5-
lslow, lA-45-1/2, 3A
-45-1, lE-45-1/2 and 
3E-45-1 (table 3). The 
sample identification 
code A indicates acicu
lar magnetite, whereas
 E 
indicates equidimensi
onal magnetite. The 
last number in the cod
e, 
either 1/2 or 1 indic
ates that the sample w
as subjected to either a 
half of the maximum 
possible load in the w
ater tank consolidomet
er 
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(0.07 MPa) or to the m
aximum possible (0.14
 MPa). All of the 
samples were stir
red and compacted 
1n a 45° field, as 
indicated by 
the middle numbe
r 1n the code. 
The range of the
 inclination 
shallowing 
0 0 
exhibited by these 
samples is from 8.8
 to 13.6 . Thus, 
lAS-45 1s well w
ithin the range of 
inclination shallow
ing seen for 
samples made with
 distilled water.
 This result seem
s to suggest 
that either the 
theory 1s incorr
ect or the salt-
water sample 
exhibited anomalou
s behavior. Furthe
r experimental work
 using salt 
water should be con
ducted before any c
onclusion based on 
the results 
of one sample is 
drawn. Therefore, t
he results of samp
le lAS-45 are 
considered prelimin
ary. 
In order to test
 the theory fur
ther, a very cru
de 
calculation was 
performed. The b
asis of the calcul
ation 1s the 
assumption that 
when the magneti
c grain comes to
 rest, the 
electrostatic force
 balances the magn
etic torque. This 
is expressed 
as 
µmHsin(l1I) = rqEsin(B) 
(1) 
where 111 = I -I r' H
is the intensity o
f the magnetic fiel
d, m lS the 
0 
magnetic moment 
of the magnetite 
grain, µ 1S the 
magnetic 
permeability of w
ater, q is the net 
charge on the magn
etic grain, E 
lS the strength 
of the electric f
ield due to the cl
ay, r is the 
length of the lo
ng axis of the mag
netic grain, and e
 is the angle 
between the long
 axis of the grain
 and the electric f
ield (figure 
14). 
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Figure 14: Orie
ntation of Magn
etite Grain in St
atic Equilibrium
. 
His the applied
 magnetic field;
 Eis the elect
ric field due to
 the 
clay grain. -E>- i
s the angle the
 long axis (r) of th
e magnetite 
grain makes with
 the electric fi
eld; q is the n
et charge on the
 mag-
netite. A I is t
he angle the lon
g axis of the m
agnetite grain m
akes 
with the magnet
ic field, H. 
S3 
In order to pe
rform the calcul
ation, certain s
implifying 
assumptions were
 made: 
1.The electric f
ield due to the 
clay flake 
may be approxima
ted by the unifor
m field 
due to an infini
te two dimension
al sheet of 
charge. 
2.The surface ch
arge on the mag
netite may be 
approximated as 
point charges lo
cated at one 
end of the grain
 (Cook, 1975). 
3.The maximum su
rface charge on 
the magnetic 
grain is limited
 only by the tot
al surface 
area of the mag
netite and the si
ze of the 
available ions. 
With these ass
umptions, the o
nly unknown in e
quation (1) 
1s q, the ne
t charge on t
he magnetite. 
By solving for q
 and 
comparing the 
calculated value
 against the max
imum value gene
rated 
by the third ass
umption, the pl
ausibility of th
e model is teste
d. 
The results of
 this calculat
ion yield a n
et surface 
charge, q, of 3.
72E-22 C for the
 acicular magne
tite. This shoul
d be 
compared to 
a maximum po
ssible charge 
of 4.lE-13 C. 
For 
equidimensional 
grains q equa
ls 1.9E-22 C. 
The maximum pos
sible 
charge is 1.lE
-12 C. Since 
the net surface
 charge required
 to 
balance the el
ectrostatic and
 magnetic torque
s is well within
 the 
maximum, the e
lectrostatic sh
allowing mechan
ism appears to
 be 
S4 
reasonable. (Details of the calculation are to be found 1n appendix 
4). 
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CONCLUSIONS: 
Experiments were conducted in w
hich a synthetic sediment 
was given a PDRM (post-depositiona1 
remanent magnetization) and 
compacted in a known magnetic 
field. This compaction resulted 
in 
volume loss through sample de
watering. Measurement during th
e 
compaction process revealed th
at the magnetic inclination and th
e 
magnetization of the sample decre
ased. The relationship between t
he 
samples' degree of compaction,
 ~V, 
remanent inclination I, is r 
initial inclination, I , and 0 
tan(I) = (1-a~V)tan(I) r o 
where the coefficient a is hy
pothesized to be a factor related
 to 
sedimentological properties, su
ch as edge to face surface ar
ea 
ratios for the clay. Its value 
was determined empirically in the
se 
experiments. 
The physical interpretation o
f the model is compaction 
shallowing of the PDRM due to phy
sical reorientation of the clay 
grains. This reorientation resu
lts in a vertical electric field 
due 
to clay grains reoriented by com
paction. This electric field exe
rts 
a torque on the magnetic gra
ins present in the electric fiel
d, 
tending to pull the long axi
s of the grain into the horizon
tal 
plane, thus shallowing the magne
tic inclination of the sample. A.f. 
demagnetization results suppo
rt this interpretation since 
the 
highest coercivity (smallest) magneti
te grains appear to he most 
affected by compaction induced in
clination shallowing. 
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Appendix 1: 
Description- one sample 1n a large cylindrical holder (2.54 cm 
diameter) taken sequentially to each pressure. Measured in same 
holder at each pressure step using a 4-spin measurement routine. 
Sample 
2E-45 
2E-60 
Pressure 
(MPa) 
0.14 
0.29 
0.61 
1. 24 
2.53 
5.16 
10.55 
0.14 
0.29 
0. 61 
1.24 
2.53 
Inclin. 
47.5 
46.1 
46.2 
46.2 
45.6 
44.2 
42.0 
63.2 
62.8 
64.1 
66.1 
63.7 
Declin 
355.1 
351.8 
352.7 
351.0 
345.9 
345.7 
341.8 
* 
* 
*· 
* 
* 
a95 
4.2 
2.9 
2.1 
1. 9 
1.4 
1.8 
0.8 
0.7 
1.0 
0.2 
0.1 
M 2 h.V (E-07Am ) 
6.6 29 
6.3 57 
6.2 61 
6.1 65 
6.0 68 
5.7 72 
5.7 75 
4.1 53 
4.0 55 
4.0 60 
3.9 60 
4.2 62 
* Problem with 4-spin measurement program-- no declinations 
available for this sample. 
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Appendix 2: 
Description- new sample prep
ared for each step. Samples w
ere only 
measured after the highest pr
essure step. Sample was extrud
ed from 
a large sample holder (2.54 cm diam
eter) and measured using a 6-spin 
measurement routine. 
Sample Pressure Inclin D
eclin llg5 M 2 !:,,V
 
(MPa) (E-0
7Am) 
3-70E-1 0.14 67.2 
341.5 1.0 1.2 57 
3-70E-3T 0.14 65.8 3
56.1 0.7 1.3 55 
3-70E-2 0.29 76.6 
19.6 1.3 1.2 61 
3-70E-2A 0.29 67.0 
357.4 0.9 4.4 55 
3-70E-3 0.61 67.2 
5.9 0.7 1.8 56 
3-70E-4 1.24 63.1 
2.6 1.4 4.4 60 
3-70E-5 2.53 68.7 
344.8 0.9 3.4 62 
3-70E-6 5.16 62.6 
16.6 0.2 8.4 60 
3-70E-7 10.55 77.0 3
52.1 0.5 5.2 48 
1-70A-1 0.14 73.3 
347.2 0.8 12.5 52 
2-70A-2 0.29 60.9 3
59.8 0.1 22.1 56 
2-70A-3 0.61 69.1 3
51.3 0.1 15.8 59 
2-70A-4 1.24 62.3 
10.5 0.4 15.4 63 
2-70A-5 2.53 76.6 3
45.5 0.5 11.3 61 
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Appendix 3: 
Description- double layer calculations for kaolinite, after van 
Olphen's treatment of montmorillonite (1963). 
1. For ocean water with M = 0.598 (molarity) 
n = M x 10-3 x 6.02 x 1023 =3.6E+20 
(normality) 
kT = 3.769E-14 erg 
kaolinite) 
electrolyte) 
Thickness of Double Layer= 1/~ 
e = 4.8E-10 esu (electron charge) 
f = 79 (dielectric constant of water 
at 25°C) 
a= 0.9 µC/cm2 = 2.7E+3 esu/cm2 
1J 
(surface charge 
= 1 (valence charge 
= (Ekt)/81rne2v2 
= 4 j 
on 
of 
Thickness of Double layer 1n Distilled Water= 1/~ 
-7 M = 10 (pH) 
n = 6.02E+13 
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2 2 
=(EkT)/81:ne V 
= 104 i 
Appendix 4: 
Description-
assumed in 
equals the 
details of calculation in which the mag
netic grain is 
state of static equilibrium and the m
agnetic torque 
torque generated by the electric field. 
Equation: 
µmHsin(~I) = rqEsin(O) 
Calculation of terms: 
µ=permeability of water=µ~ = (4~xl0-
7N/A2)(12.5662) 
o m 
H = intensity of magnetic field= 40 A/m 
~I= I - I= 11.5° maximum at AV= 0.55 r o 
r = long axis of grain for acicular 
magnetite and long 
diagonal of grain for equidimensional ma
gnetite. 
r = 0.45µ (acicular) a 
r = 0.866µ (equidimensional) e 
(} 90° + I 90° + 50° 
0 
= = 
= 140 at AV= 0.55. 
r 
E = u / (2E) 
where (J = surface charge density on clay
 grain 
E = permittivity of water 
= (8.85 x 10-12c
2/(Nm2))(78.54) 
u = surface charge density on clay grain
 after van 
Olphen's treatment of montmorillonite. 
Kaolinite formula: (Al2 (0H) 4(Si05)) 2 = 516 
gram formula 
wt. 
Therefore, 516g has 6.02 x 10
23 unit cells and each cell 
has surface area of 45.835 R
2 
on each side (Swartzen-
Allen and Matijevic, 1974). 
66 
covers a 
Thus, total surface area of lg of clay 
is 
(1/516)(6.02 x 1023)(45.835 R
2/g) = 1070 m2/g 
The cation exchange capacity of kaolinit
e 1s 1-10 
meq/lOOg, equivalent to 
(0.1) (6.02 X 1020) 
monovalent cations per gram. This 
number of cations 
surface area of -1070 x 10
20 j 2 . Thus, the surface area 
available per monovalent exchange cation
 is 
1070 x 1020 R2 
(0.1) (6.02 X 1029) 
= 
On each cm
2 
of surface area there are 
ion 
(1 ion/1777~2) (101
6 R2/cm2) = 5.626 x 1012 ions/cm
2 
Each monovalent ion has 1.6 x l0-
19 C/ion 
(5.626 x 1012 ions/cm2)(1.6 x 10-
19) = 9.00 x 10-7 C/cm2 
m = magnetic moment of a single grain. 
This was 
calculated four ways to try to ensure us
ing a reasonable 
value. 
!)Pfizer Specifications: 
J = 80 emu/g 
acicular: mass= pvolume = (5.18 g/cc)(2.53 x l0-
15) 
= 1.31 X 10-l4g 
m = Jmass = 1.05 x 10-
12emu = l.05x 10-
15Am2 
a 
-14 
equant: mass= pvolume = (5.18 g/cc)(B.54 x 10 
cc) 
-13 
= 3.37 X 10 g 
m = Jmass = 2.71 x 10-
11 emu = 2.71x 10-
14Am2 
e 
2)Calculated from Bulk Sample Magnetizations: 
Sample dry weight - 10 g 
avg. % mag. - 0.009 
0.09 g mag./sample 
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Volume of 1 magnetite particle: 
acicular = 2.53 x 10-
15cc 
-13 
equant = 1.25 x 10 cc 
Bulk Magnetizations: 
acicular - 1.0 x 10-
3emu 
equant - 5.0 x 10-
4emu 
# Magnetite Particles per Sample: 
acicular n = 0.09 g mag./sample 
a -15 (2.53 x 10 cc/part.)(5.18 g/cc) 
= 6.9 x 1012particles 
equant n e = _____ O_. 0_9__,.g.__m_ag=/,__s_a_m~p_l_e __
 
(1.25 x 10-13cc/part.)(5.18 g/cc) 
= 1.4 x 1011 particles 
Magnetization per particle: 
m = 1.0 x 10-
3emu = 1.4 x 10-
16emu 
a 12 6.9 x 10 part. 
= 1.4 X J0-19Am
2 
-4 -15 
m = 5.0 x 10 emu= 3.6 x 10 emu 
e 11 1.4 x 10 part. 
= 3.6 X 10-}SAm2 
3)Calculated from Stacey (1972): 
Suggested reasonable value J = 0.1 emu/cc 
-15 
m = (0.lemu/cc)(2.53 x 10 cc) 
a 
= 2.53 x 10-16emu = 2.53 x 10-
19Am2 
m = (O.lemu/cc)(l.25 x 10-
15
cc) 
e 
= 1.25 x 10-14emu = 1.25 x 10-
17Am2 
4)Calculated from Tucker (1980): 
Suggested reasonable value m = 10
3
-104 r 3 Am2 
ID = 7.58 X 10-l7 ,-lS Am
2 
a 68 
(used equivalent spherical radius for this) 
m = 1.96 x lO-lS,-l5 Am2 
e 
Chose Stacey's values since his and those calculated 
from the 
data are close. 
q = net charge on a magnetite grain 
Calculate maximum possible based on radius of 
available ions and surface area. 
Ionic radius -1.35 ~ 
so cross sectional area 
Surf ace area-
a =1.46 X 
a 2 
-8 2 
= 5.73 X 10 µ 
a =1.5 µ 
e 
number ion on acic. (max)= (1.46 x l0-
1)(5.73xl0-8) 
= 2. 55 X 106 
number ion on eqnt. (max)= (1.5)(5.73 
= 2.62 X 107 
0 =(2.55 X 106)(1.6 X 10-19) = 
"'a,max 7 -19 
q =(2.62 X 10 )(1.6 X 10 ) = 
e,max 
4 1 10-130 . X 
4.2 X l0-12C 
****************************************
**************************** 
P1ugging into original equation with the calculated 
values and solving for q and q : a e 
q = µmHsin (!1I) 
rEsin(B) 
~ = 1. 70 x 10-23 C 
q = 4.37 x 10-22 C 
e 
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